The neutronic radiation coming from the fusion plasma of large machines as the foreseen DEMO could severely affect the stability and the lifetime of the components which constitute the reactor. Nevertheless neutrons are fundamental to allow the reactor to reach the tritium self-sufficiency and to generate and extract enough nuclear power. This means that in the nuclear design of a kind of facilities it is essential to achieve and keep the delicate balance among fuel sustainability and power efficiency versus radiation shielding.
Introduction
The neutronic radiation coming from the fusion plasma of large machines as the foreseen DEMO could severely affect the stability and the lifetime of the components which constitute the reactor. Nevertheless neutrons are fundamental to allow the reactor to reach the tritium self-sufficiency and to generate and extract enough nuclear power. This means that in the nuclear design of a kind of facilities it is essential to achieve and keep the delicate balance among fuel sustainability and power efficiency vs. radiation shielding. This paper deals with the neutronic design analysis and optimization of one of the Breeding Blanket (BB) options for a fusion reactor based on a liquid breeder (lithium-lead) and double coolant system (lithium-lead and helium) designed as DCLL (Dual Coolant Lithium-Lead). Answering the required duties of a BB -tritium breeding, heat recovery and shielding -the DCLL uses PbLi as tritium breeder, neutron multiplier and primary coolant, and Eurofer as structural material. The main objective has been to develop, among the EUROfusion WPBB Project for the period 2014-2018, a new, reliable, efficient and technologically viable modular DCLL blanket using the DEMO generic design specifications and operational (pulsed) conditions [1] established in the frame of the EUROfusion PPPT Programme.
The priority condition of fuel self-sufficiency for the viability of a fusion reactor is measured through the Tritium Breeding Ratio (TBR). It is required to obtain a TBR ≥ 1.1 to have a 10% of margin (for final net TBR ≥ 1.0) accounting for possible losses and uncertainties. On the other hand, the plasma confinement can be kept only without overpassing the quench limits posed on the Superconducting Toroidal Field Coils (TFC). Furthermore, structural limits are imposed to the First Wall (FW) and Vacuum Vessel (VV), to maintain their integrity. The requirements taken into account and assessed here are summarized in Table 1 [2] .
Starting from the plasma specifications [3] and the generic DEMO1 design [4] established in 2014 among the EUROfusion Programme, a conceptual DCLL design was developed and studied [5] and preliminary neutronic assessments were performed [6] [7] . In this paper the previous mentioned nuclear responses are deeper analysed. The paper also describes the progress [8] [9] in the DCLL neutronic design in light of the observations and requirements explained above. Further work has included the adaptation of the optimized design of the FNS/P5-1 DCLL blankets to the plasma parameters [10] and the generic DEMO1 design established in 2015 [11] in which a reduced divertor and a higher fusion power would allow keeping and improving the generic machine behaviour relaxing the design specifications for the BB. The preliminary results and design improvements applied to the new DEMO2015 specifications are presented. Particle transport calculations have been performed with MCNP5 Monte Carlo code [12] using JEFF 3.1.1 nuclear data library [13] . 
DCLL DEMO development
The DEMO design used in the 1 st phase of the EUROfusion programme, known as "EU DEMO1 Baseline 2014" [4] , has 1572 MW fusion power (5.581x10 20 n/s), plasma major radius of 9 m, minor radius of 2.25 m and elongation of 1.56 [3] . The torus is divided into 16 sectors of 22.5º (given by the number of TFC), each having 3 outboard (OB) and 2 inboard (IB) BB segments. For the neutronic purposes, an 11.25º half-sector has been studied (Fig.1a) . 
FNS/P5-1
In the 2 nd phase a new generic design called "EU DEMO1 Baseline 2015" has been developed having 2037 MW fusion power (7.323x10 20 n/s), plasma major radius of 9.07 m, minor radius of 2.93 m and elongation of 1.59 [10] . The torus is divided into 18 sectors of 20º being the MCNP neutronic model a half-sector of 10º (Fig.2a) . The main change in this design from the BB point of view is that the vertical length of the BB segments has been increased at the expense of the divertor size. In fact in the first project year, an ITER-like divertor configuration was considered (Fig.1a) . In the second project year (2015) a revised model of cassette was created (Fig.2a) cutting off the outboard and inboard baffles while the breeding blanket segments were extended. The motivation was to increase the TBR by exploiting those areas highly exposed to the plasma [14] . For DEMO2014 austenitic steel (SS316LN) was considered for the divertor composition being the divertor neutronic design a homogenized massive block of 80% steel and 20% water [6] . In DEMO2015 the reduced activation 9Cr steel Eurofer97 has been considered being the neutronic divertor model a solid steel body excepting two thin layers facing the plasma (of tungsten and W/CuCrZr/Cu/water). Besides these 2 compositions another one has been tested for both DEMO2014 and 2015 substituting the former by a cassette of 54% Eurofer and 46% water with reduced density [15] .
For DEMO2014 the DCLL design was fully heterogenized meaning that the internal components of all the BB modules are represented as shown in Fig. 1b (showing the entire segment) and 1c-d (showing OB equatorial modules). For DEMO2015 the conceptual DCLL model adapted to the specific feature of DEMO have been prepared. The model is a 3D quasiheterogenized segment with the equatorial OB module fully heterogenized ( Fig. 2b-c ).
First phase: DEMO2014 DCLL improvement and primary neutronic responses
Along the 1 st phase of the project 2 different versions of the DCLL model, based on DEMO2014, have been developed in order to achieve the best behavior in terms of nuclear responses but also taking into account mechanical, manufacturing and chemical aspects.
Starting from a version [5] [6] in which 64 cm of breeder were used in the OB region, the next step was increasing it to 69 cm [8] [9] . At the same time other changes (Fig. 3 ) have been implemented in order to improve mainly the structural and safety aspect of the design (with special attention to a possible in-box LOCA). Some of them, relevant for the reactor neutronic behavior, are described in [9] and summarized as follows: increasing of FW thickness and its He fraction, number of toroidal breeding channels (from 4 to 6), radial thickness of the 3 radial OB breeding channels (from 30+18.5+15.5=64 cm to 30+22.2+17=69.2 cm), radial thickness of the IB upper modules #11/10/9 (from 50 cm to 65/70/70cm); reduction of Helium manifolds (from 4 to 2); suppression of 1 stiffening toroidal plate from IB #12-15. Furthermore, from the initial [5] to this 2 nd version [8] , the use of a detailed Back Supporting Structure (BSS) and helium collector was implemented although the Flow Channel Inserts (FCI) foreseen to mitigate the MHD effects were not still included. With the exception of the first two points that would have a strong negative impact on the TBR, the other modifications could balance and have positive influence on it. The influence of those changes on the T breeding performance is more widely described in [9] . Summarizing, a reduction in the TBR from 1.13 to 1.104 is produced, although remaining higher than the target. In fact in the 2 nd design in which the number of stiffening plates was increased to improve the structural and pressure drop issues, and the FW thickness was incremented being crucial to avoid an in-box LOCA but with strong implications on the tritium production, it has been required to take some strategical solution as enlarging the upper IB modules radial thickness (Fig. 3a) . This allowed keeping the global TBR higher than 1.1. The effect of the divertor composition is highlighted in Table 2 showing that the use of a higher amount of water cooling inside the FNS/P5-1 steel cassette implies a deterioration of the breeder structures' performances in a ~3% meaning that the choice of this component is non-detachable from the breeding performances. The other neutronic responses are also examined with reference to the design improvements.
The power breakdown for the major reactor structures is shown in Table 3 . Assuming a fusion power of 1572 MW and considering the total generated nuclear power of 1504 MW and 1507 MW for the two DCLL versions of DEMO2014, the obtained Energy Multiplication Factors M E are 1.195 and 1.198 respectively (higher than the criterion of Table 1 ), being M E the ratio of the total nuclear power over the fusion neutron power (80% of 1572 MW).
DEMO2014
Version For a preliminary evaluation of the shielding efficiency of the DCLL, the nuclear heating (NH) in the reactor components needs to be assessed, paying attention to the TFC at IB equatorial level. It has been calculated as an average over poloidal regions of 50 cm. The results (Table 4) for the two DCLL DEMO2014 versions show that the IB equatorial values satisfy the recommendation for the NH in the winding pack, currently established in 50 W/m 3 (20 times lower than the ITER requirement). The limit is not satisfied for the IB upper zone and in the OB side. The problem is visualized in Fig. 4a and b, in which high streaming from the ports is observed affecting these TFC areas. The lack of shield in these zones is not of concern because the plugs were not developed for the generic DEMO2014. The NH has been also calculated as radial profile (Fig. 4c) Once the requirements of TBR, M E and NH are fulfilled, the other shielding responses, very similar in the two versions of the DCLL DEMO2014, are shown only on the 2 nd one.
Neutron Fluence
Fundamental requirements regard the total and fast (E> 0.1 MeV) fluence in different parts of the TFC (Table 1) . The results calculated using the same procedure than before are given in Fig.5a and Table 5 . Values multiplied for the TFC lifetime (6 FPY [1] ) indicate that the limit of 10 18 n/cm 2 is fulfilled for both compositions of VV steel (with and without boron).
Helium production and radiation damage
The requirements referred as structural ones (Table 1) , and also one of the TFC requirements, are relative to helium production (appm He) and radiation damage (dpa). Both have been assessed as radial profiles in the IB mid-plane from FW to TFC (Fig.5b) . Tabulated values are given in Table 6 General 3D maps have been represented in Fig. 6 a) for helium production in Eurofer and austenitic steel components; and in Fig. 6 b) for dpa with a reduced scale to show deeply the FNS/P5-1 results in the TFC. Multiplying the annual values by 6 FPY, we can see that there are not hotspots overpassing the 10 -4 dpa TFC quench limit.
Second phase: from optimized DCLL DEMO2014 to DCLL DEMO2015
In 2015 an important change was produced among the EUROfusion Programme resulting in the implementation of a strongly different DEMO design. The aspect ratio was identified as one of the most important parameters still relatively unconstrained. A lower aspect ratio implies a larger plasma volume and lower toroidal field, hence a higher TBR, better vertical stability, and lower disruption forces [16] . Thus, the DEMO aspect ratio was changed from 4 to 3.1. The baseline for DEMO determined by the PROCESS system code changed [10] resulting in a larger and more powerful plasma (from 1400 to 2500 m 3 of volume and from 1572 to 2037 MW of fusion power). The divertor was reduced [14] and the higher breeding blanket vertical size allowed reducing its radial dimension maintaining a high TBR potential.
A conceptual DCLL model has been adapted to the specific feature of DEMO2015 and has been studied from the nuclear perspective. Some of the preliminary but primary design features of the 1 st DCLL DEMO2015 version which are being investigated from the neutronic point of view (and improved where needed) are summarized as follows: 1) Toroidal breeding channels increased from 6 to 7; 2) Helium collector reduced and inserted horizontally in the bottom of the module instead of vertically in the back; 3) Reduction from 3 to 2 radial OB BB channels (1 stiffening toroidal plate suppressed); 4) Thickness of the 2 breeding channels is 29+29.65=58.65cm/19.65+20=39.65cm OB/IB; 5) The BB radial space is 65/46cm OB/IB while the BSS occupies 66/32cm in the equatorial plane for a total of 130/78cm (to be compared with the previous 91/50 BB, 39/24.5 BSS, 130/74.4cm total); 6) number of IB modules in one segment passed from 7 to 8 (as the vertical dimensions increased). The model is a 3D quasi-heterogenized design with the equatorial OB module fully heterogenized (stiffening plates, FCI, breeder channels and walls are all separately described). The main preliminary nuclear responses have been studied as described in the following.
Neutron Wall Loading, TBR and Nuclear Heating.
The Neutron Wall Loading (NWL) and TBR have been firstly examined for the newly established DCLL DEMO2015 version. The NWL poloidal distribution allows seeing the regions in which a special care for shielding could be considered. Such poloidal distribution in comparison with the previous DCLL DEMO2014 is presented in Fig. 7 , where the same mean value (1.03 MW/m 2 ) is shown. A similar strong poloidal variation is observed with two peaks at the equatorial level (now shifted to modules OB#3 and IB#14). The tritium production has been also evaluated as essential condition for the reactor viability. The results are presented in Table 7 in which the local values are shown. The total TBR in the BB modules is 1.158. Adding up the contribution of the BSS PbLi channels the final value reach 1.266. Due to the previously shown relevance of the divertor composition on the breeding performances of the reactor the new highly cooled divertor (at 46% of water) has been also tested. In such case the TBR would drop to 1.203 (-5.24%) being now the difference even stronger than before due to the extreme difference in the divertor composition of the new generic DEMO2015 (Eurofer cassette without water). Lastly the NH map and radial profile from the FW to the TFC in steels for the IB side have been also assessed ( Fig. 8a and b) . In both it is possible to observe some small hotspot in the front position of the TFC winding pack. Further improvements are ongoing in order to reduce the radiation impact on the structures having high margins for the TBR. 
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